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Hair follicles, or pilosebacous units, are complicated anatomic structures. Analysis of abnormalities of these
structures can be difﬁcult without adequate knowledge of normal changes associated with embryonic and post-
natal development as well as regular cycling. A variety of systematic approaches to analysis of the pilosebacous
unit are provided here.
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Although the skin is ‘‘the largest of the intermediate-sized
organs’’ (Goldsmith, 1990), it is also the most obvious or-
gan. Abnormalities of the skin and its appendages (hair fol-
licles, nails, and various glands) are the first changes
noticed in diseased animals of all species, and hence the
skin is a prime organ to quickly assess an individual’s health
status. It is not surprising that genetic-based skin diseases
represent a large and ever-growing resource of natural
experiments of nature and now genetically engineered
(induced mutants) that provide tools to dissect and under-
stand normal skin function. Laboratory mice are the premier
model species for many human diseases.
Careful and accurate analysis of skin and appendage
abnormalities can be complicated for the novice, not only
because of the anatomic complexity of the skin but also
because of the regular cyclic changes in hair follicles and
various dermal structures. The thickness of the hypodermal
fat layer, length and anatomy of hair follicles, pigmentation,
and size of sebaceous glands all change with the hair cycle.
This is further complicated by patterning of the hair cycle in
adult mice. Failure to recognize these normal changes re-
sults in all too frequent reports of normal changes as mutant
phenotypes when compared with other hair cycle stages.
We present here a compilation of several approaches to
analyzing hair follicles of the mouse and references detailing
methodology for this purpose to aid investigators.
The Pilosebaceous Unit
Hair fibers cover all or parts of the bodies of most mam-
mals. Those apparently lacking hair still have widely scat-
tered hair follicles that produce fibers important for
somatosensory functions such as defining their location
within the environment. The hair fibers are produced in the
very complicated hair follicle that cycles regularly. The
follicle includes a sebaceous gland; hence, it is often called
the pilosebaceous unit. Cycling replaces fibers but also
provides a protective advantage when in prolonged telogen,
much like the tail of many reptiles, in that the fiber is easily
lost when grabbed by predators. The hair cycle changes the
cutaneous anatomy and this is described below. All major
structures of the hair follicle are seen in the most mature
developmental stage, late anagen. A vibrissa follicle, one of
the largest, most complicated, and longest types of hair
follicles in the rodent, is illustrated (Fig 1). Other follicles lack
the blood-filled sinus.
As shown in Fig 2, the hair follicle develops from the
epidermis whereas the hair fiber grows from the bulb region.
The terms proximal and distal are anatomic terms relating to
embryologic development. There remains confusion over
the use of these terms relative to development of the follicle
versus development of the fiber. Therefore, it is best to avoid
their use.
Hair Follicles and Fiber Types in the Mouse
The mouse is totally covered with hair. As with humans and
other mammals, there are a variety of types of hair fibers
produced (Table I, Fig 3) Most of the follicles are relatively
similar anatomically whereas some, such as the vibrissae,
are very distinct. When examining the back skin fur coat of
mice, the minimal distinction that should be made is be-
tween non-tylotrich and tylotrich pelage hair follicles, as the
molecular controls of follicle development and cycling be-
tween these two major hair follicles populations are quite
distinct.
Hair Follicle Development and the Hair Cycle
The hair follicles cycle through a series of major stages
known as anagen (actively growing stage), catagen (invo-
luting stage), telogen (resting stage), and exogen (shedding
phase), each of which has many substages (Mu¨ller-Rover
Abbreviations: SEM, scanning electron microscopy; TEM, trans-
mission electron microscopy
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et al, 2001; Milner et al, 2002). Although the dogma is that
hair in the mouse cycles from the nose to the tail (rostral to
caudal), primarily from observing the hair loss in allelic mu-
tations at the hairless locus (Sundberg and King, 2000), in
fact careful analysis reveals zones and more complicated
patterns of cycling (Plikus and Chuong, 2004). Therefore,
whatever abnormality is found in one region of the integ-
ument may not be detectable elsewhere, and if no abnor-
mality is seen in one region (e.g., back skin), this by no
means excludes an abnormality of cycling elsewhere (e.g.,
abdominal hair follicles, vibrissae). The dictum ‘‘No two hair
follicles are alike, except for symmetry’’ (Stenn and Paus,
2001) serves as a good reminder in this respect. Therefore,
the conclusions one draws on observed hair phenotype
abnormalities must be restricted to the region and type of
hair follicles that were actually examined.
One of the most frequently encountered misunderstand-
ings and corresponding misrepresentations when reporting
the hair phenotype of a mouse mutant is that the final stages
of postnatal hair follicle morphogenesis are notoriously
confused with what is mislabeled as the ‘‘first hair cycle.’’
The key concept to keep in mind here is that, although all
hair follicle subtypes develop in distinct waves of morpho-
genesis so that different hair follicle populations in distinct
skin locations reach their final stage of morphogenesis (i.e.,
developmental stage 8) at different time points before or
after birth, morphological evidence that hair follicle cycling
was initiated begins with the synchronized entry of hair fol-
licles into their first apoptosis-driven involution (catagen).
Normally this occurs at some time in the thrid week of
postnatal life (e.g., in C57BL/6J mice, synchronized catagen
development in stage 8 pelage hair follicles, which mor-
phologically look like anagen VI hair follicles, but have not
cycled yet, starts at postnatal day 17 in the neck region of
back skin and then travels in a wave of catagen develop-
ment toward the tail region). This first—postnatal—entry
into catagen is the hallmark that hair follicle cycling has
begun, followed by a relatively short telogen phase.
Figure 1
Anagen stage vibrissa follicle illustrating the anatomic features unique to this structure and also the major parts of a follicle actively
producing a hair fiber. I, infundibulum; IS, isthmus; LF, lower follicle; HR, hair root; SGD, salivary gland duct; SG, salivary gland; ORS, outer root
sheath; IRS, inner root sheath; HF, hair fiber; S, blood-filled sinus; N, nerve; CH, club hair; PC, pre-cortex; DP, dermal papilla; and HM, hair matrix.
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The first true anagen phase subsequently develops in the
fourth and fifth week of postnatal life. The first hair shafts
that become visible after birth are only a kind of ‘‘test hair
shafts’’ already produced by developing hair follicles during
their final stages of morphogenesis (Paus et al, 1999;
Mu¨ller-Rover et al, 2001).
Selection of Appropriate Sections and
Controls
Differentiating normal anatomy from abnormal phenotypes
can be very difficult in the skin. Catching the optimal point in
a mutant phenotype, in the best histologic section, in cor-
rect anatomical orientation is the ultimate challenge. For
analyzing hair phenotypes, this is further complicated by the
difficulty in obtaining fully longitudinal sections through in-
dividual hair follicles—a chief prerequisite for properly clas-
sifying their stage of morphogenesis or cycling. Although
this may be a bit difficult for the beginner, simple published
technical approaches can be followed to master this, even
for cryosections (which are still needed for most antigens to
be detected by immunfluorescence and immunohistochem-
istry in mouse skin) (Paus et al, 1990, 1999; Mu¨ller-Rover
et al, 2001).
Equally important is an accurate comparison with normal
to confirm that the observation is real. For this, sex-
matched wild-type (þ /þ ) littermates are the ideal normal
Figure 2
Schematic representation of hair folli-
cle morphogenesis and the subse-
quent first hair cycle. This drawing
depicts key stages of hair follicle devel-
opment and cycling in the dorsal skin of a
mouse. Blue lines indicate nerve fibers
and red structures indicate accompany-
ing blood vessels. APM, arrector pili mus-
cle; BM, basement membrane; BV, blood
vessel; DP, dermal papilla; HM, hair ma-
trix, HS, hair shaft; IRS, inner root sheath;
mel, melanocyte; ORS, outer root sheath;
SG, sebaceous gland.
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control, followed by age-matched þ /þ mice. Gender-
matched controls (ideally inbred or congenic strains) seem
particularly important if genes/molecules under study are
well recognized for their sex sensitivity (e.g., substantial
transcriptional regulation via sex steroids). A common
misconception in picking the right control is that clinically
normal littermates (þ /þ or þ /mutant allele for recessive
mutations) are adequate controls. This can be appropriate
for mutants that arise on inbred backgrounds (defined as 20
brother  sister matings). Discussions on how to select the
best controls are discussed in detail elsewhere (Sundberg
et al, 2002).
Although it seems pragmatic and acceptable to compare
controls from a previous study using the same strain, this
can be dangerous. Diet, water, stress, pathogen status, light
cycle changes, and other alterations in colony management
over time can dramatically influence the phenotype. Also,
genetic drift in a colony, over time, can result in new
mutations that can modify the primary mutant phenotype.
Time Points for Analysis
Based on the above considerations, it is critical to select
optimal ages in a well defined, standardized skin location
for analysis so as to provide a reasonably instructive and
reliable database for subsequent, more extensive studies. If
there is no obvious gross phenotype at birth, many labs use
young, post-pubertal mice (6–8 wk of age, whose dorsal
thoracic skin hair follicles tend to be in the teolgen stage at
this time) for initial screening. Young mature mice (4 mo of
age) may improve the chances of finding lesions that take
more time to develop. Particularly when starting with an
Table I. Hair types and subtypes in the laboratory mouse
(Sundberg and Hogan, 1994)
Truncal (Pelage) Hairs
Guard (tylotrich, monotrich, primary)
Awl (secondary, primary Y)
Auchene
Zigzag (tertiary, quarterinary, primary x, primary y)
Vibrissae
Primary (mystacial vibrissae)
Secondary (supraorbital, postorbital, inter-ramal, ulnar-carpal)
Supernumerary
Muzzle hairs (not vibrissae or truncal type)
Cilia (eyelashes)
Tail
Ear (several subtypes not carefully defined)
Perianal hair
Figure 3
Anatomic variations of different hair types in the mouse. Tail skin, anagen (A); truncal skin, anagen (B); perianal hair, anagen (C); vibrissa and
large non-sinusoidal hair in muzzle skin, anagen (D); and eyelid mucocutaneous junction, telogen ((E), cilia and Meibomian gland).
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obvious phenotype, selecting ages that represent major
changes in any animal’s life provides a longitudinal profile,
often defining progressively severe lesion development
(Sundberg et al, 1998; Sundberg and Boggess, 2000). Ma-
jor changes are birth (0 d of age), weaning (3 wk of age),
puberty (6 wk of age), and loss of fecundity (‘‘retired breed-
ers,’’ 6–12 mo of age depending upon strain). Geriatric (2 y
of age or older) mice, if mutant mice survive that long, can
also be useful.
We were very successful in revealing even subtle, mac-
roscopically invisible, yet highly significant hair phenotypic
changes in dorsal skin pelage hair follicles in mice, and the
best input/output ration in terms of animals needed and
work effort to be made, when assaying by quantitative his-
tomorphometry dorsal skin samples from the neck region at
the following time points (minimal per time point and test/
control group¼3 mice; optimal n¼5): P1 (i.e., postnatal
day 1. still allows detection of some early stages of non-
tylotrich pelage hair follicles development, whereas tylot-
richs should already be in advanced stages of development
at this time), P8 (at this time, almost all back skin hair fol-
licles should have reached morphogenesis stages 8, with
production of a normally pigmented hair shaft), P17 (at this
time, there should be evidence of synchronized hair follicle
regression, as an indication that hair follicle has been init-
ated), P25 (at this time, all dorsal skin follicles should be in
telogen), P32 (at this time, all dorsal skin hair follicles should
be in the first real anagen stage of the hair cycle). We make
the examination of additional fetal (e.g., 13.5, 16.5, and 19.5
d post-conception (DPC)) and postnatal time points (e.g.,
P16, P19, P45–50) dependent on the results of this first
round of analyses (for examples, see (Botchkarev et al,
1998; Tobin et al, 2002).
Although initial screens of major age groups can be limited
to two females and two males (to verify any sexual dichotomy)
of both mutant and control groups, if mice are at very short
supply or very expensive, great caution must be exercised
when conclusions are drawn on the basis of such a small n.
Tissue Collection
Complete analysis of mutant phenotypes requires that
complete necropsies with histologic evaluation of all or-
gans be done along with collection and analysis of blood
and sera. New gene expression methods can be added to
these workups for more detailed analyses (Akilesh et al,
2003). Necropsy methods and information on fixatives are
described in detail elsewhere (Sundberg and Boggess,
2000; Relyea et al, 2000a; Seymour et al, 2004). Hair can be
plucked manually, fibers placed on a glass slide, a drop of
mounting media placed on the specimens, and then cov-
erslipped. The hairs will lay flat and be permanently mount-
ed for easy examination.
Quantitative Histomorphometry
Although it is perfectly reasonable to begin with a qualitative
assessment of hair follicle abnormalities, it is unacceptable
to make claims as to whether or not the examined mouse
mutant displays an abnormality with respect to hair follicle
development, hair shaft growth/diameter, hair follicle kera-
tinocyte proliferation or apoptosis, and hair follicle cycling if
this has not been properly quantified, using one of several
methods of quantitative morphometry on a sufficient
number of individual mice and hair follicles for statistical
analysis. Although submitting your manuscript for publica-
tion to a journal where the reviewers are likely to have ex-
pertise in hair biology, shortcomings in this area are very
likely to obstruct the acceptance of your paper.
Standardized, simple protocols for quantitative histomorp-
hometry have been published (Botchkarev et al, 1999;
Mu¨ller-Rover et al, submitted) which can be complemented
by calculating a hair morphogenesis score (HMS) and hair
follicle cycling score (HCS) (Maurer, 1997, #4112; Paus et al,
1999; Mu¨ller-Rover et al, 2001; Peters et al, 2001, 2002a, b).
Histochemistry
It deserves mentioning that good old-fashioned, cheap,
easy, and fast histochemistry is still extremely useful for
professional hair phenotype analysis. Therefore, we rou-
tinely include—in addition to standard hematoxylin–eosin
stains—Masson–Fontana stains (for better visualization of
pigmentation abnormalities), Giemsa stains (for mast cell
detections and accentuation of inflammatory cell infiltrates,
along with a nice presentation of general tissue morphol-
ogy; toluidine blue is also an excellent stain for visualizing
mast cells), and periodic acid Schiff (PAS; for optimal base-
ment membrane identification, connective tissue sheath,
and dermal papilla evaluation). Other classical stains are
useful for specific purposes such as von Kossa for miner-
alization, Masson’s Trichrome for connective tissue (espe-
cially useful for scarring disorders), and ‘‘bug screens’’
(special stains for pathogens including Gomori’s methena-
mine silver and PAS for fungi; tissue gram, or Zeehl Nielsen,
Steiner’s, Warthen Starry, and others for various types of
intra- and extracellular bacteria, and many others) (Chase,
1955; Luna, 1960; Wollina, 1992). Alkaline phosphatase en-
zyme histochemistry is particularly useful for outlining the
shape of the brightly alkaline phosphatase positive dermal
papilla as a simple, yet highly instructive tool for hair follicle
staging (Handjiski et al, 1994; Paus et al, 1999).
Immunohistochemistry and
Immunoﬂuorescence
These are commonly used methods for evaluation of bio-
logical specimens and are detailed elsewhere (Relyea et al,
2000b). The critical issue here usually is to obtain good
quality cryosections. A number of antibodies are very useful
for systematically evaluating skin and hair follicle tissue
sections, but these vary between laboratories. The numbers
of antibodies available commercially are steadily growing.
Many of these work on mouse tissues (Mikaelian et al, 2004)
and websites update these lists regularly (http://tumor.
informatics.jax.org/Antibodies.html). In addition, some of
our own preferred primary antibodies and immunostaining
protocols for immunodermatological and neurobiological
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studies as well as for standard differentiation markers are
described elsewhere in detail (Paus et al, 1998; Botchkarev
et al, 2000; Magerl et al, 2001; Tobin et al, 2002; Peters et al,
2002a, b). Unfortunately, most of the currently available
markers for typing cells involved in the immune system only
work on frozen, not paraffin sections; so this must be con-
sidered when collecting tissues (McElwee et al, 2003).
Hair Shaft Lightmicrocopy, Electron
Microscopy, and Elemental Analysis
For practical purposes, light microscopic examination of a
few clipped or plucked hair fibers under a cover slip with
mounting media is a reasonably instructive and minimal first
approach to identify hair fiber abnormalities (Sundberg,
1994; Hogan et al, 1995). In order to reliably exclude even a
subtle hair shaft abnormalitiy, however, scanning electron
microscopy (SEM) is indispensable.
SEM provides a three-dimensional view of the skin and
hair fibers. Features that are missed in histologic sections
as well as by mounting hairs as described above become
readily apparent. Plucking hairs is a simple approach for
obtaining specimens. Alternatively, 1 cm2 pieces of skin
with hair intact can be fixed on nylon membranes, which
provides a view of the skin surface and cut edges with-
out potentially damaging the hair fibers (Bechtold, 2000).
While examining the hairs by SEM many scopes now have
X-ray microanalysis attachments to determine the relative
amounts of elements in a specimen. This approach using
hair was historically used for heavy metal analysis in foren-
sic work. These techniques are used for defining genetic
basic hair diseases (Forslind et al, 1991), and we now rou-
tinely evaluate new and archived mutant mice in this way to
screen for low sulfur levels that suggest structural defects
(Mecklenburg et al, in press).
The examination of semi-thin, araldite-embedded sec-
tions (a.k.a high-resolution light microscopy (HRLM)) and
subsequent transmission electron microscopy (TEM) also
are instructive tools for hair phenotype analysis, especially
when differentiation, pigmentation, sebaceous, basement
membrane, or cell death abnormalities are to be studied
(Tobin et al, 1998, 2002). For example, when analyzing
apoptosis during mouse hair follicle morphogenesis, the
TUNEL technique can actually be quite treacherous and
misleading, and TEM is required for definitive apoptosis
analysis during that period in a hair follicle’s ‘‘biography’’
(Magerl et al, 2001). Given that only rather few laboratories
worldwide have acquired the necessary expertise for hair
follicle TEM, however, this is usually best done in collabo-
ration with a specialized laboratory, as after having identi-
fied such a collaboration partner, it is critical to follow
exactly the specific protocols provided for tissue harvest-
ing, fixation, and embedding provided by that lab TEM.
Comparison with Published Hair
Phenotypes
Once your first results of a hair phenotype analysis are
completed, it is crucial to compare your observations with
published hair phenotypes to be able to generate an edu-
cated guess on the underlying molecular mechanisms. In
fact, many genetically engineered mice turn out to be allelic
mutations of spontaneous mutations that have been avail-
able for 50 y or more, and an enormous amount of biological
information may already exist on the biological mechanisms
of the disease. One easy way of getting started is to review
tabulated reviews of hair phenotype mouse mutants (Sun-
dberg, 1994; Sundberg and King, 1996, 2000; Nakamura
et al, 2002a, b). A vast amount of genetic and superficial
phenotype information can be found on the Mouse Genome
Informatics website (http://www.informatics.jax.org/). Strain-
specific phenotypes in mice can be found on the Mouse
Phenome Database (http://aretha.jax.org/pub-cgi/phenome/
mpdcgi?rtn=docs/home). General mouse pathology and
specific examples in genetically engineered mice can be
found on Pathbase (http://www.pathbase.net).
The real problem here is to keep up with the avalanche of
new mouse mutants that display an abnormal hair pheno-
type, which are published annually, and not be put-off by
the (rather often misleading, when improperly worked up)
claim of a published paper that a given mouse mutant ‘‘has
no hair phenotype.’’ In fact, it may be wisest to adopt the
philosophy that ‘‘Every mouse mutant has a hair phenotype,
until disproven otherwise.’’ Such definitive proof can only
arise from careful and methodical hair phenotype analysis
along the lines described above.
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